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SUMMARY
Animal evidence that platelet production occurs in the lungs is growing [1] . We have investigated whether there is evidence to support pulmonary platelet production from studies using human conditions. We documented the presence of MK in the human pulmonary circulation and analysed the role of the vascular microenvironment on MK function. Our results suggest that the endothelial microenvironment favors platelet formation and that von Willebrand factor combined with appropriate physical forces in flowing blood are determinant for platelet release. We also demonstrate that MKs have the potential to change ploidy as they circulate. These findings demonstrate a new pathophysiological environment affecting platelet production. They also provide new targets for therapeutic intervention.
A C C E P T E D M A N U S C R I P T
INTRODUCTION
Thrombopoiesis is the biological process dedicated to the production of functional platelets by their precursors, megakaryocytes (MKs). During their maturation in the bone marrow (BM), MKs migrate to the vascular niche [2] but the final maturation step which involves the process of platelet release is not fully documented in human physiology [1] Several animal studies have tackled this problem [3] and a recent study showed that, in mice, entire MK migrate to the lungs associated with platelet production in the pulmonary circulation (approx. 50%). [1] .Historically, in humans and other mammals, the site of platelet production has been thought to be the BM, although microscopic examination has not clearly identified platelet release at that site. Also MK senescent nuclei are not observed in normal BM. It is noteworthy that entire intact MKs can cross the endothelial barrier of the parasinusoidal membrane and reach the circulation [4, 5] and can be retrieved in the pulmonary vasculature [3, 4, 6] . When in the circulation MKs become exposed to the shear forces of flow.
These are critical for the detachment of proplatelets and platelets [7] . The study of the differentiation of MKs in the pulmonary circulation is therefore crucial to understanding the final events in normal platelet production. Importantly, since platelet reactivity is determined within MKs during thrombopoiesis and causally involved in arterial occlusion, the events around MK differentiation and thrombopoiesis might be important determinants of vascular diseases as well as causing pulmonary pathology [8] .
METHODS
-Patient samples:
Blood was harvested from the pulmonary artery and pulmonary capillaries using a Swan-Ganz catheter from 9 patients hospitalized in the medical Intensive Care Unit of Georges Pompidou European Hospital. After Ficoll gradient separation , nucleated cells were stained by Romanosky or were processed for electron microscopy (EM) and immuno-EM.
-Histochemistry: Lung biopsy was stained with anti-von Willebrand factor (vWF) coupled with Immunoperoxidase.
-Human MKs: CD34 + cells were isolated from umbilical cord blood as described previously [7] .
-Human Endothelial cells (EC):
Human umbilical EC (HUVEC) were isolated from the same umbilical cords and grown to confluence as reported [7] . Cells from a first to second passage were used.
-Flow cytometry: MKs were stained with an anti CD41 and platelet identification was performed on blood samples and MK cultures as previously described [7] .
-Immunofluorescence: Mks and platelets were stained with anti-CD41, anti-CD42b and anti-vWF.
-EM: Adherent cells were gently scraped and treated for EM by standard methods [7] .
Observation was performed on a TEM JEOL 1011.
-Shear Experiments were conducted as previously described [7] . Videomicroscopy used preincubation with Hoechst dye 1‰ (Invitrogen, USA) to visualize nuclear DNA. Ploidy measurements were performed by flow cytometry. For more details and specific modifications, see Supplementary Material.
RESULTS AND DISCUSSION
MKs are retrieved from human pulmonary artery blood
Flow cytometric analysis of blood taken from human pulmonary arteries and capillaries showed the MK content to be 307 ± 215 (MKs/ 10 5 nucleated cells ± SD). Light and EM images of MKs retrieved from pulmonary vascular blood are shown in fig. 1 a-e. Mks were also observed in situ, in lung capillaries ( fig. 1f ).
Endothelial cells are supportive of platelet production
Because there is evidence that MKs migrate from the BM to the lungs at the end of their maturation and circulate in the pulmonary vasculature where they must come into contact with EC rich in vWF [9] , we investigated the role of EC on proplatelet and platelet formation by performing co-cultures of MKs with HUVEC during the terminal steps of maturation (day 10-13). Under these conditions MKs started to form numerous, long proplatelets at 24 hrs of co-culture (>50% versus <10 % for control MKs) but without forming individual free platelets ( fig. 1g-j; suppl.movie M1,M2). Transwell experiments showed that HUVEC secretion alone induced proplatelet formation (not shown). Thus, our experimental conditions demonstrated a permissive effect of the endothelial microenvironment on platelet production, as noted by others [10, 11] .
In order to know whether the interaction of GpIb-vWF was involved in proplatelet formation, a blocking anti-GpIb antibody was added to the coculture MKs / EC . It completely inhibited proplatelet formation by MKs (control proplatelet bearing MKs / EC: 5-10 %, ; versus proplatelet bearing MKs + anti-GpIb / EC: <1% ) (suppl. figure) .
Proplatelet formation in contact with EC was completely inhibited by an anti-CD42b
antibody demonstrating the central role of this vWF receptor in proplatelet development.
Platelet release occurs under flow conditions enriched in vWF
Pulmonary capillaries are particularly rich in vWF [9] . To investigate further the capacity of MKs cultured with EC to release platelets, they were exposed to shear forces similar to those experienced in the pulmonary artery in a perfusion chamber coated with vWF. Under high shear stress, proplatelets elongated (suppl. movies M1), separated from the cell core, forming many subunits the size of platelets (suppl. movies M2). MKs exposed to shear stress without contact with EC released 1.6 times more platelets than static MKs whereas MKs grown with EC yielded 3.8 (±0.96 SD) times more platelets in shear conditions ( fig. 1i -j, suppl. movies M3,4). These platelets exhibited the ultrastructural characteristics of blood platelets including circumferential microtubules ( fig. 1k-l) . Finally shed platelets expressed P-selectin following thrombin activation indicating that they were functional ( fig. 1m ).
MKs rarely release platelets in static culture conditions and shear forces are critical to this process [7] . The mechanoreceptor glycoprotein Ibα (GPIbα) interacts with immobilized vWF, inducing a stop-and-go motion of MKs, accompanied by proplatelet formation and platelet release. Human mature MKs infused into mice release platelets within the pulmonary vasculature. In humans, MKs from the pulmonary circulation are exposed to EC, shear stress, vWF and circulating mediators: the necessary conditions for thrombopoesis.
Mature MKs divide in the circulation and remain functional
The circulatory flow system we used induced MK nuclear lobes to separate in parallel with cytoplasmic deformation and further abscission, leading to cell division ( fig. 2a- The current model of MKs producing proplatelets and platelets into the marrow sinusoids is contrasted with an alternative model arising from the results reported here: MK migrate as a whole into the marrow sinusoids, and reach the pulmonary vasculature, releasing proplatelets and platelets under shear stress. Moreover, MK cells prolong their maturation in the pulmonary circulation, undergoing cell division and continuing platelet production.
